The relationship between torque and velocity of the elbow ‰exor muscles was studied with isotonic and isokinetic dynamometers in the same subjects (males; n＝26; aged 18-31 years). Simultaneously, the electromyographic activities (EMG) of the biceps brachii (BB), brachioradialis (BRD) and, triceps brachii (TB) muscles were recorded during concentric, eccentric, and isometric contractions. In the isotonic condition, plotted data covered almost entire force region, i.e. 0-1.0 P 0 where P 0 is the maximal isometric torque, and were well described by Hill equation. The maximum angular velocity of elbow ‰exion (V max ), the maximum isometric torque, and the maximal eccentric torque were 943.78±312.489 s -1 , 59.07±11.65 Nm, and 1.40±0.18 P 0 , respectively. In the isokinetic condition, the measureable ranges of torque and angular velocity were limited between 0.5 and 1.0 P 0 , and 0 and 0.35 V max , respectively. In concentric condition, the shape of torque-angular velocity curve obtained from isokinetic measurements was well coincided with that obtained from isotonic measurements. On the other hand, the maximal eccentric torque obtained from isokinetic measurements was 1.12±0.17 P 0 , which was considerably smaller than that obtained from isotonic measurements. Electrtomyographic (EMG) measurements with surface electrodes showed that the activation level of the elbow ‰ex-or muscles during eccentric contraction was signiˆcantly lower in the isokinetic condition than in the isotonic condition. These results suggest that muscle-ˆber recruitment during eccentric contraction is suppressed in isokinetic condition when compared with isotonic condition. One of the possible reasons for this may be the diŠerence between proprioceptive input to the feedback system.
Introduction
The force-velocity relation has been regarded as important for understanding the mechanical properties of skeletal muscle. When muscle contracts under constant load (isotonic contraction) (Kojima, 1991) , it either shortens or is stretched at a constant velocity over a small range of length, where the force generated reaches the steady level and equals the load applied (ideally isotonic contraction). Under the isotonic condition, the relationship between load applied and velocity of shortening (force-velocity relationship) has been investigated in both human and animal muscles (Mashima et al., 1972) .
In 1938, referring to measurements of heat production in frog skeletal muscle during isotonic contraction, Hill proposed an empirical hyperbolic equation (Hill equation) for force-velocity relationship: (P＋a)(V＋b)＝(P 0 ＋a)b, where P is the load applied, V is the velocity of shortening, a and b are constants (Hill constants) , and P 0 is the maximal isometric force (Hill, 1938) . Later, Wilkie (1950) , Kaneko (1970) , and Kojima (1991) demonstrated that Hill equation could be applied for contractions of human skeletal muscles in vivo using isotonic dynamometers. However, few studies have so far been made to investigate the force-velocity relationship for both shortening (concentric contraction) and forced lengthening (eccentric contraction), and the contributions of agonist, Figure 1 Schematic illustration of the experimental arrangement for isotonic measurements.
129
Eccentric Force-velocity Characteristics antagonist, and synergist muscles under isotonic condition.
Since the introduction of the principle of isokinetic measurements in 1967, isokinetic testing has been used widely as a standard method for evaluating human muscular strength (Hislop and Perrine, 1967; Thistle et al., 1967) . In the isokinetic measurements, however, the ability of equipment to drive a large inertial mass limits the velocity applied, so the high velocity region of the force-velocity curve is left unknown. Furthermore, there has been much controversy regarding the force generating capacity of the human muscles in the eccentric, isokinetic condition (Kellis and Baltzopoulos, 1995; Winter et al., 1981) .
The present study investigated the torque-angular velocity relations in both the concentric and eccentric conditions using an isotonic dynamometer. In addition, we compared the isotonic torque-angular velocity relations with those obtained by an isokinetic dynamometer in the same subjects, to see if there would be any diŠerence between them. Simultaneously, we investigated the activation level of the agonist and antagonist muscles during both the isotonic and isokinetic contractions.
Methods

Subjects
Twenty-four males aged 18-31 years participated in this study. Their mean height and body mass were 174.1±5.3 (SD) cm and 68.4±8.4 kg, respectively. All subjects were former or current athletes (e.g. volleyball, baseball, and soccer). None of the subjects were currently involved in a upper-body physical training program. All of them were fully informed about the purpose and characteristics of this study and their written informed consent was obtained.
Isotonic dynamometer
The experimental arrangement for measuring isotonic torque and angular velocity in contractions of elbow ‰exor muscles is illustrated in Figure 1 . The subjects were seated on a height-adjustable chair and their left upper arm wasˆxed horizontally on a padded armrest. A short arm guide was also attachedˆrmly to the proximal end of the forearm, and its rotational axis was properly aligned with the elbow joint. An arm cuŠ was attached to the wrist of subject in a supinated position, which was then connected through a metal chain to a force transducer (LU-100KSB34D, Kyowa Electric Instruments co. LTD., Japan) and a weight holder. The weight was applied vertically via a gear wheel placed around the mid-point of the chain. An angle transducer (JC 40S, Copal, Japan) was incorporated in the rotational axis of the gear wheel and its output was calibrated with respect to the elbow angle (1809 at full extension). An accelerometer (AS-20GB, Figure 2 Typical records of torque, angle, and acceleration during concentric action. Arrowed bar denotes the range of movement where torque and angular velocity were measured.
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Yuta Yamada and Naokata Ishii Kyowa Electric Instruments co. LTD., Japan) was attached to the force transducer so as to measure the force and the angular velocity at the steady state of the isotonic contraction, where acceleration＝0 (Kojima, 1991) . Output from these transducers was pre-ampliˆed and then introduced to a computer through an A/D converter.
Protocol for obtaining isotonic torque-angular velocity relations
The elbow angle of the subject was initiallyˆxed with a stopper lever at 909 , where the maximal voluntary isometric torque (P 0 ) was determined as maximum from 3 separate measurements. Then the stopper lever was removed, and isotonic contractions were performed under varied loads at the maximal eŠort. The range of elbow rotation was limited from 1509through 809with stoppers on the forearm guide. The load applied was initially the smallest (1 kg) and then increased in a stepwise fashion until the subject could not lift it.
Finally, measurements were made for the eccentric contractions. The subject held a load between 1.2-2.0 P 0 at an angle of 809with the support of an assistant. At the instant where isometric torque reached the maximal steady level, the assistant withdrew the support with a cue. Thereafter, the subject resisted against the load at the maximal eŠort.
For both concentric and eccentric measurements, the steady-state values of both torque and angular velocity were determined within the range of angle where neither acceleration nor deceleration occurred (acceleration＜0.1 m/s 2 ) ( Figure 2 ). The torque was corrected for the weights of the arm cuŠ and forearm for each subject, obtained from measurements with passive movements. Then, the torque was obtained by multiplying the force by the distance from the axis of rotation to the arm cuŠ. Between two tests mentioned above, the subjects were allowed to rest for 2-5 minutes.
Isokinetic torque-angular velocity relations
The isokinetic torque was measured using an isokinetic dynamometer (Biodex System 3, Biodex Medical Systems, USA). The subject was seated on an adjustable chair with support for back, elbow, shoulders, and hips. The measurement of elbow ‰exion torque was made with the left arm supported in the horizontal plane on a padded table. The axis of rotation of the elbow joint was visually aligned to the axis of the lever arm in supinated position.
Each subject was required to complete 9 separate testing (-309 , -609 , -1209 , 09 , 309 , 609 , 1209 , 1809 , 2409s -1 , where negative velocity means eccentric condition) conditions with the left arm. At least, three muscle actions were performed at each angular velocity, and adequate familiarization was assumed to occur once peak torque and torque curve could be reproduced. The range of movement, likewise for the isotonic measurement, was from 1509to 809of elbow angle. The torque was determined between the ranges of elbow angle where no variance of angular velocity was seen (Baltzopoulos and Brodie, 1989; Ostering et al., 1983; Perrine and Edgerton, 1978) . The torque was determined at 116.09±17.939 on average. We measured concentric movement at the high-angular velocityˆrst, and gradually set the angular velocity slower. Then, following the measurement of the slow and fast eccentric movements, maximal isometric torque wasˆnally measured. In eccentric measurements, the maximal isometric torque was exerted before the lever arm rotated with the cue of an assistant.
The signals of angle, torque, and angular velocity from isokinetic dynamometer were A/D converted and then introduced to the computer. The torque was determined between the ranges of elbow angle where no variance of angular velocity was seen (Baltzopoulos and Brodie, 1989; Ostering et al., 1983; Perrine and Edgerton, 1978) . The torque was corrected for the weights of the lever arm, the grip of the dynamometer, and forearm of each subject.
The maximal isometric torques measured with isotonic and isokinetic dynamometers were identical (cronback's alpha＝0.998) in the same subjects, indicating the validity of comparison of torqueangular velocity relations between these two conditions. The order of the isotonic and isokinetic measurements was randomized for each subject.
Electromyographic (EMG) recordings
The Electromyographic activities of the biceps brachii (BB), the brachioradialis (BRD), and the triceps brachii (TB) muscles were recorded with bipolar surface electrodes (Ag-AgCl, diameter＝1.0 cm) placed on the bellies of the muscles with a center-to-center inter-electrode distance of 2.0 cm. EMG signals were preampliˆed, A/D converted (4 kHz), and then introduced to the computer. On the computer, the raw EMG data were processed through band pass (5-1000 Hz)ˆlters, full-wave rectiˆed, and integrated with respect to time (mEMG). For both concentric and eccentric actions, the mEMG was used as an indicator of the motor activation level. The range of the durarion used to determine the mEMG was 100 ms around when the torque determined. To compare the EMG signal amplitudes between various angular velocities, mEMG were normalized relative to the mEMG amplitude measured during maximal isometric contraction. In isotonic condition, the range of the angular velocity was classiˆed as -200～-100, -100～ -50, -50～0, 0～100, 100～150, 150～200, 200～ 3009s
to compare with the mEMG data of the similar angular velocity obtained from isokinetic measurements.
Statistical analysis
Unless otherwise stated, results are expressed as means±SD. For comparing variables obtained from isotonic measurements with those obtained from isokinetic measurements, student's paired ttest was performed at P＜0.05 as the critical signiˆcance limit. Toˆt a hyperbola to the data for the concentric action, least-squares non-linear regressions were made with Hill equation, and Hill constants a and b were determined (Ishii et al., 1997) . The validity ofˆtting Hill equation was evaluated with the coe‹cient of determination (r 2 ): r 2 ＝1-S(y i -f(x i )) 2 /S(y i -m) 2 where x i and y i are measured values, f(x i ) is Hill equation and m is the mean of y i .
Results
Isotonic torque-angular velocity relations
A typical example of the records of elbow ‰exion torque, elbow angle, and acceleration is shown in Fig. 2 . A typical torque-angular velocity curve is shown in Fig. 3d . Data from all subjects were plotted after normalizing the values with respect to the maximal isometric torque (P 0 ) and the obtained diagram is shown in Figures 3a and c. Over the concentric range of torque, i.e. 0-1.0 P 0 , the plotted data were well described by Hill equation (r 2 ＝0.989± 0.009). The coe‹cient of determination (r 2 ) was used for the regression analysis. The value of a/P 0 was 0.47±0.26, which was in agreement with those reported by Wilkie (1950) , Kojima (1991) , Kaneko (1970) , and Ralston et al. (1949) . The maximum angular velocity (V max ) was 943.5±312.59 s Fig. 3d represents a typical torque-angular velocity curve of a subject. ○ and # represent data obtained from isotonic and isokinetic measurements, respectively. A curve in the concentric (P/P 0 ＜1) region represents a non-linear regression to Hill's equation for data obtained from isotonic measurements, whereas those in the eccentric region were drawn by eye.
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When the applied load exceeded P 0 , the muscle could generate larger torque than P 0 at almost constant velocity of lengthening for a few tens of millisecond. Thereafter, the lengthening was accelerated. The maximal eccentric torque was determined as the limit of torque under which the muscle was lengthened at a constant velocity. When plotted on the normalized coordinates, the torque-angular velocity diagram over the eccentric region showed that the eccentric torque of up to ～1.9 P 0 could be generated. The maximal eccentric torque determined as the maximal torque under which a constant velocity of lengthening was 1.40±0.18 P 0 . Figure 4 Activation level of the biceps brachii (BB), the brachioradialis (BRD), and the triceps brachii (TB) during isotonic and isokinetic contractions. The relative mEMG value (n＝26) were obtained between 1509and 809 of elbow angle and normalized with respect to that at maximal isometric contraction. The vertical bars represent SD. * isotonic ＞ isokinetic (P＜0.05)
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Isokinetic torque-angular velocity relations
The torque-angular velocity relations under isokinetic condition were also examined with the same subjects for isotonic measurements (Fig. 3b) . The shape of the torque-angular velocity curves in the isotonic and isokinetic conditions appeared to be similar within the range of concentric condition (Fig. 3c) . In the isokinetic measurements, however, the range of torque and angular velocity were limited between 0.35 and 1.0 P 0 , and 0 and 0.4 V max , respectively. The maximal eccentric torque in the isokinetic condition was only 1.12±0.17 P 0 . This value was much smaller than that measured in isotonic condition (1.40±0.18 P 0 ).
Muscle activation level
EMG signals were rectiˆed, integrated, averaged for time (mEMG) and normalized to the mEMG during the maximal isometric contraction. For eccentric contractions, mEMG from both BB and BRD muscles were signiˆcantly larger in the isotonic condition than in the isokinetic condition, whereas for concentric contractions, there were no signiˆcant diŠerences between these two conditions (Fig. 4) 
Discussion
The purpose of this study was to investigate the torque-angular velocity relations in isotonic and isokinetic conditions. This study demonstrated the full in situ characteristics of isotonic torque-angular velocity relations of the human elbow ‰exors over the entire torque-angular velocity spectrum. In addition, we successfully compared the isotonic torque-angular velocity relations with the isokinetic torque-angular velocity relations. Among other things, we found that the eccentric torque is much higher in the isotonic condition than in the isokinetic condition.
It has been well documented that, at a given constant joint velocity, the maximum torque that a muscle group can exert with eccentric action is larger than the torque exerted isometrically or concentrically (Kellis and Baltzopoulos, 1995; Thistle et al., 1967; Westing et al., 1991) . It has been suggested that the mechanism for the crossbridge detachment is diŠerent between eccentric and concentric contractions (Kellis and Baltzopoulos, 1995) . In both the isometric and concentric contractions, the rate of crossbridge detachment would be determined with intrinsic rate constants that depend on the speed of shortening, whereas that in the eccen-tric contractions would be determined with the eccentric force that forcibly breaks the attached crossbridges (Ishii et al., 1997) .
The torque-angular velocity relations in both isotonic and isokinetic conditions obtained from 24 males wereˆt well with Hill equation (Fig. 3c) . The maximal eccentric torque measured in the present study in the isokinetic condition agrees with those obtained by Westing et al. (1991) , Komi and Buskirk (1972) . On the other hand, the eccentric torque observed in the isotonic condition was considerably greater than that in the isokinetic condition. Since the antagonist coactivation level did not diŠer signiˆcantly, it is likely that such a diŠerence in eccentric force generated is mainly caused by the diŠerence in the activation level of the agonist muscles (Fig. 4) .
It has been well documented that a maximal voluntary eŠort cannot elicit a full activation of muscle during eccentric contraction (Kellis and Baltzopoulos, 1995; Westing et al., 1991) . The recruitment of motor units has been thought to be suppressed through negative feedback signals from cutaneous pain receptors, joint receptors, free nerve endings in the muscle and, Golgi tendon organs (Carew, 1981) . In particular, the Ib aŠerent neurons originating from Golgi tendon organs have been shown to be important in tension regulation (Houk and Henneman, 1967) . Increases in voluntary muscle tension would result in increased negative feedback from Golgi tendon organs and would act to limit further development of tension (Westing et al., 1990) .
In the present study, the activation level of the agonist muscles during the concentric actions was similar between isotonic and isokinetic conditions throughout the range of velocities measured. However, during eccentric action, the activation level was kept almost constant in isotonic condition with changes in velocity, whereas it decreased gradually with the increase in velocity in isokinetic condition. This was consistent with previous reports by Komi and Eloranta and Komi (Eloranta and Komi, 1980; Komi, 1973) . This suppression of activity level in isokinetic condition was thought to be caused by the decrement of the motor unit recruitment and/or reduced motor neuronˆring frequency. Nishikawa (2016) reviewed that the stretch re‰ex may play a role to enforce the eccentric torque. In isotonic conditions, the mEMG during the eccentric actions were similar to the mEMG of the isometric contractions. In isokinetic conditions, however, the mEMG during the eccentric actions were lower than that of the isometric contractions. And the maximal eccentric torque/mEMG were similar in isotonic and isokinetic condition in this study. Therefore, it was thought that the eŠect of the stretch re‰ex was negligible, whereas the suppression to the agonist muscles under the isokinetic condition is one of the main factors induced the lower maximal eccentric torque in isokinetic condition.
In eccentric condition, muscle can exert force that may exceed isometric force by 40-140z when isolated, though only by 10-35z when contracted in situ (Hortobagyi and Katch, 1990; Komi, 1973; Asmussen et al., 1965; Bl äumel et al., 2012; Gulch, 1994; Josephson and Stokes, 1999; Linari et al., 2004; Mashima et al., 1972; Rogers and Berger, 1974) . Westing et al. (1990) and Amiridis et al. (1996) have reported that maximal eccentric torque measured by isokinteic dynamometer increased by superimposing electrical stimulation, though concentric and isometric torque was kept unchanged (Westing et al., 1998; Hoecke, 1996) . The precise neural mechanism underlying such a diŠerentiated regulation of motor-unit recruitment remains unclear. However, it could be related, at least partially, to the fact that the velocity of movement can be controlled by subjects in isotonic condition. Thus the subjects would make their eŠorts to decelerate the stretch with the aid of both vision and muscle proprioceptors in the isotonic condition. By contrast, the lever arm of the isokinetic dynamometer rotates at a given constant angular velocity irrespective of the exerted eccentric force. Therefore, they could simply resist the stretch with unchangeable rate in the isokinetic condition. Ochi et al. have shown that repeated eccentric contractions at a low velocity promoted the protein synthesis within working muscles with a rat isokinetic exercise model, whereas those at a high velocity promoted the protein degradation and caused lasting muscular damages, when the same activation level was attained by electric stimulation (Ochi et al., 2007 (Ochi et al., , 2011 . This suggests that a steep increase in eccentric force against a rapid isokinetic stretch readily causes some deterioration of contracting muscleˆbers. Thus, in human body, there may be some neuromuscular mechanism, by which the recruitment of motor units is inhibited when the generated eccentric force fails to decelerate the stretch velocity. Such a mechanism may include interactions between force and length proprioceptions, and needs further elucidation.
As shown in Fig. 3b , an isokinetic dynamometer could not examine the high-speed region of the torque-angular velocity curve, due possibly to the mechanical limitation to accelerate a large inertial mass. With increasing angular velocity, the acceleration period before activation of the resistive mechanism of the isokinetic dynamometer is longer and the limb may pass beyond the optimal angle during this period (Baltzopoulos and Brodie, 1989) . In this study, when preset angular velocity of the dynamometer (Biodex) was set over approximately 3509 s -1 , the lever arm was accelerated or decelerated over all the range of motion. This limitation of the measurement velocity made it di‹cult to estimate V max byˆtting Hill equation in isokinetic dynamometer (Cla‰in and Falkner, 1989; Edman et al., 1988) .
In conclusion, the present study showed that the maximum eccentric torque in isotonic condition was much higher than that in isokinetic condition. The diŠerence in eccentric torque is mainly caused by the diŠerence in the activation level of the agonist muscles. It could be related, at least partially, to the fact that the velocity of movement can be controlled by subjects in isotonic condition. Thus the subjects would make their eŠorts to decelerate the stretch with the aid of both vision and muscle proprioceptors in the isotonic condition. By contrast, the lever arm of the isokinetic dynamometer rotates at a given constant angular velocity irrespective of the exerted eccentric force. Therefore, they could simply resist the stretch with unchangeable rate in the isokinetic condition. In human body, there may be some neuromuscular mechanism, by which the recruitment of motor units is inhibited when the generated eccentric force fails to decelerate the stretch velocity. Such a mechanism may include interactions between force and length proprioceptions, and needs further elucidation.
